Abstract
Introduction
In multiple sclerosis (MS), grey matter (GM) demyelination and neuro-axonal loss are all recognised histopathological features. 1 Cortical demyelination can be seen in the earliest clinical stages of MS, 2 and may be extensive in progressive forms of the disease. 3, 4 Similarly, GM neuro-axonal loss, especially in the deep GM structures, can be seen early in MS, 5 and is evident in the cortex later in the course of the disease. [6] [7] [8] It is not known how closely GM demyelination and neuro-axonal loss are related. One histopathological study using material from 22 people with MS (clinical sub-types were not specified) found no clear association between local cortical demyelination and cortical thickness, although neuronal densities were reduced in leucocortical lesions. 6 More recently, evidence has emerged that meningeal inflammation is linked with both cortical demyelination, [8] [9] [10] and neuro-axonal loss. 7 Such meningeal inflammation appears to be particularly apparent in secondary progressive (SPMS) and primary progressive (PPMS) subgroups. [8] [9] [10] In spite of these observations, it is uncertain to what extent GM demyelination and neuro-axonal loss are spatially co-localised and whether or not they are caused by a common pathological process. It is also not known if links (if present) between local demyelination and neuro-axonal loss occur in all MS subtypes.
Brain GM atrophy, which is associated with neuroaxonal loss, 11 can be detected using magnetic resonance imaging (MRI), and appears to have a greater impact on clinical disability in the long-term than white matter (WM) lesion accrual. [12] [13] [14] However, GM atrophy is not uniform throughout the brain, with some regions more frequently affected than others, 15, 16 and this may vary between different MS phenotypes. 17 Magnetisation transfer (MT) imaging provides insight into intrinsic structural tissue abnormalities. In WM, the MT ratio (MTR) is reduced in the presence of demyelination, and to a lesser degree axonal loss, 18 and in the cortex has also been shown to reflect predominantly demyelination. 19 Abnormal GM MTR has been shown even in the earliest stages of MS, correlating with disease duration, 20 clinical disability 21 and cognitive impairment. 22 Voxel-based analysis (VBA) is a fully automated technique which allows whole-brain comparisons to be made between subject groups on a voxel-wise basis, via spatial transformation of images to a normalised template. This method differs from region of interest (ROI) and histogram-based methods in that it allows unbiased assessment of the whole brain, detecting region specific changes between subject groups without first having to define the location and shape of the regions to be assessed. 23, 24 VBA methods allow the detection of significant regional effects within one group compared to another, identifying regions where the majority of participants in one group significantly differ from another group. Voxelbased morphometry (VBM) specifically allows the volume of GM to be compared between subject groups at a voxel-by-voxel level, and is used to quantify atrophy. 25 Previous voxel-based studies have demonstrated regional MTR reductions in some areas in relapsing-remitting MS (RRMS) (insula and lenticular nuclei bilaterally, as well as the left posterior cingulate cortex, and the right orbitofrontal cortex). 26 In one study of people with PPMS, MTR changes were found to co-localise with atrophy in small GM regions, 27 but MTR reductions were also seen in areas without GM atrophy, and in the majority of cases colocalisation in GM was not observed.
To date, no studies have systematically assessed regional GM atrophy and MTR abnormalities across RRMS, PPMS and SPMS patients. In this study we 
Methods

Subjects
We recruited people with clinically definite MS 28 who had not experienced a relapse or received corticosteroids in the four weeks prior to the study. We also recruited healthy controls with no history of neurological or psychiatric disorders. All participants gave informed consent before taking part in this study. This study was approved by the local institutional research ethics committee. All participants had a clinical assessment to confirm the clinical subtype of MS, disease duration, and disability as measured using the Expanded Disability Status Scale (EDSS). 30 were segmented using the 'New Segment' function in SPM8 (UCL Wellcome Trust Centre for Neuroimaging, London, UK). The resulting GM tissue probability maps were all checked for accuracy and then used in two ways. First, they were binarised using a conservative 90% threshold, and overlaid on the MTR map to define GM regions to be included in the subsequent VBM analysis. The binarised GM volumes for each individual subject were divided by their respective intracranial volumes (ICVs), calculated by summing the GM, WM and Cerebrospinal Fluid (CSF) volumes, to calculate the GM fraction (GMf). Second, the probability maps were used to create a custom diffeomorphic anatomical registration using exponentiated Lie algebra (DARTEL) template using SPM8. 31 Each participant's GM probability map was registered to this template using a non-linear transformation, and then affine transformed into Montreal Neurological Institute (MNI) space with sinc interpolation, before being smoothed with an 8 mm full width half maximum (FWHM) Gaussian smoothing kernel. Each participant's segmented GM MTR map was then transformed to MNI space via the DARTEL template using the same transformations in a single step with sinc interpolations. The MTR maps were then smoothed using an 8 mm FWHM Gaussian smoothing kernel. We calculated the global mean GM MTR value for the segmented MTR maps using the 'fslstats' command from the FSL suite (FMRIB Software Library, Oxford). 32 Also using 'fslstats', we calculated mean voxel counts for the cortical and deep GM compartments for each group, from the thresholded (90%) T1w GM segmentations. 35 The same method was used to identify voxels demonstrating correlation between MTR and volume in the GM.
MRI acquisition
Statistical analysis
Results
Participant characteristics
A total of 98 patients and 29 healthy controls were included in the study. Of the patients, 51 had RRMS, 28 had SPMS, and 19 had PPMS. Participant characteristics are summarised in Table 1 . The joint tests from a single model for the null hypothesis that all subject groups had the same mean age and duration were rejected (p<0.0001). Overall, all MS subgroups were older than controls (p<0.001). People with RRMS were significantly younger than people with SPMS (p<0.001) and PPMS (p<0.001). There was no significant difference in age between the SPMS and PPMS groups (p=0.642). The SPMS group had a significantly longer mean disease duration than either PPMS (p=0.001), or RRMS (p<0.001). There was no significant difference in mean duration between RRMS and PPMS (p=0.348). The joint test from a single model for the null hypothesis that all subject groups had the same mean global GM MTR, when adjusted for age, duration and gender was rejected (p<0.0001). Adjusting for age, duration and gender, there was a significant difference in the global GM MTR between all MS subgroups and controls (p<0.001), RRMS and SPMS (p<0.001), SPMS and PPMS (p<0.001), but no significant difference between RRMS and PPMS (p=0.104).
Clinical subgroups compared to controls A summary of results can be seen in Table 2 , showing voxel counts for MTR reduction, and atrophy, in the total GM, in the cortex, in the deep GM, for the different clinical subgroups in MS compared with healthy controls.
MTR reduction. Significant regional MTR reductions were seen in the GM of all clinical subgroups compared to controls, but were more extensive in SPMS (13,109 voxels) than in RRMS (3615 voxels) and PPMS (3825 voxels). The absolute numbers of voxels demonstrating MTR reduction was more in the cortex than in the deep GM in PPMS and SPMS, while in RRMS the deep GM areas were proportionately more affected. The precise regions of cortical and deep GM MTR reduction for each clinical subgroup, compared to controls, are summarised in Supplementary Material, Appendices 1 and 2.
Atrophy. Compared to controls, the number of voxels demonstrating regional atrophy was more extensive in RRMS (5026 voxels) and SPMS (1538 voxels) than in the PPMS group (no significant regional atrophy compared to controls). Deep GM atrophy accounted for most of the regional atrophy seen in RRMS and SPMS. The areas of cortical and deep GM atrophy for each clinical subgroup, compared to 
Subgroup comparison
At FWE 0.05, we detected only a small difference in MTR reduction in the SPMS versus RRMS subgroup comparison (124 voxels), but did not detect any significant differences in the other inter-subgroup comparisons for MTR reduction or atrophy alone, or co-localisation of both.
Controls compared to all patients and clinical subtypes Controls did not show any areas of consistent MTR reduction, atrophy, or co-localisation in GM compared to all patients, or to PPMS, SPMS and RRMS subgroups
Re-analysis without FWE Given the small effect sizes obtained using FWE 0.05 for MS subgroups compared to controls, we reran the analysis without FWE, using an alpha level of 0.001, uncorrected. The results are shown in Table 3 . Figure 1 illustrates the areas affected by MTR reduction and atrophy for each MS subgroup, compared to controls. We also reran the MS subgroup comparisons without FWE, using an alpha level of 0.001 uncorrected, and the summary of the findings are shown in Table 4 . Supplementary Material, Appendices 5-9 show the GM areas affected.
This suggests that in PPMS, there is considerably more MTR reduction than atrophy (24,615 voxels vs 1857 voxels respectively). SPMS shows the most widespread MTR reduction (97,707) and atrophy (30,153) of all the subgroups. The only difference seen compared to the analysis with FWE Comparing MS subgroups (without FWE, using and alpha level of 0.001, uncorrected) reveals overall small differences in regions of MTR reduction and atrophy, and supports the findings from comparison with controls. Greater cortical MTR reduction and atrophy is seen in RRMS compared to PPMS, although PPMS subjects do also show MTR reduction in some cortical regions not seen in the RRMS subgroup. SPMS and RRMS comparisons reveal overall greater areas of MTR reduction and atrophy in the former, mainly in the cortex, although there are regions of MTR reduction and atrophy in RRMS not seen in the SPMS group. Similarly, when comparing SPMS and PPMS, while the latter does demonstrate greater MTR reduction in a few regions, overall SPMS subjects showed more MTR reduction and atrophy.
Co-localisation of MTR reduction and atrophy.
Overlaying the areas of MTR reduction and atrophy for each MS subgroup allowed us to estimate which areas of the GM demonstrate co-localisation of these measures, albeit in a non-statistically tested manner. The results of these are included in Supplementary Material, Appendices 10-13.
Correlation analysis using BPM
The results of the within-group correlation analysis of volume and MTR are summarised in Table 5. SPMS patients show the greatest number of GM voxels demonstrating either MTR reduction or atrophy, but only a small proportion of these voxels have significant correlation between the two. RRMS patients also show a large number of GM voxels demonstrating either abnormality, the majority of which significantly correlate. In PPMS patients, there are less GM voxels overall demonstrating either abnormality, but only a small proportion of these correlate significantly. In all MS subgroups, there are more voxels demonstrating positive correlation between MTR and volume in the cortex compared to the deep GM. RRMS patients show the greatest number of correlating voxels overall in the GM, as well as proportionately greatest deep GM involvement. In SPMS and PPMS patients there are far fewer positively correlating voxels overall, the vast majority of which are in the cortex.
Discussion
MTR reduction is thought to reflect demyelination, as shown by histopathological work in cortical GM, 19 as well as WM, 18 and atrophy is predominantly secondary to neuro-axonal loss. 11 Co-localisation of MTR reduction and atrophy would therefore suggest a link between demyelination and neuro-axonal loss. The presence of atrophy alone suggests neuro-axonal loss without demyelination. The presence of MTR reduction alone without significant atrophy co-localisation is suggestive of demyelination without significant neuronal loss.
In this study, the results reveal differences in the spatial patterns of MTR reduction and atrophy in the MS cohort overall and between different clinical subgroups that may help improve our understanding of the pathophysiological basis of GM pathology in MS.
In all MS subgroups, MTR reduction was more extensive than atrophy. Although absolute numbers of voxels demonstrating cortical MTR reduction was higher than in the deep GM, taking into consideration the mean voxel counts for cortical GM and deep GM in each group (Table 1) , a greater proportion of the deep GM compartment showed MTR reduction compared with the cortex, in all subgroups, but especially in RRMS and SPMS subgroups. Atrophy was seen in both RRMS and SPMS subgroups, and both showed greater involvement of the deep GM than the cortex, relative to the respective sizes of the compartments.
Within-group correlation analysis suggests that in RRMS, there more abnormal voxels overall demonstrating either MTR reduction or atrophy, and most of these demonstrating significant correlation between the two, with the deep GM showing especially high proportional involvement. In SPMS and PPMS the number of correlating voxels is less overall, with proportionately fewer correlating voxels in the deep GM.
These results suggest that there is significant neuroaxonal loss, especially in the deep GM of the relapseonset groups (RRMS and SPMS). A previous VBM study of atrophy in the GM of early PPMS patients (within five years of symptom onset) demonstrated a shift in the pattern of atrophy as the disease progressed, with deep GM atrophy seen early on and greater involvement of the cortex later. 36 In the progressive groups (SPMS and PPMS), there is proportionately greater cortical demyelination, which is agreement with histopathological work. 3, 37 Further, this appears to be relatively greater in SPMS compared with PPMS; cortical demyelination has recently been linked with meningeal inflammation, and in turn this is more evident in SPMS than PPMS. 8, 9 RRMS shows the greatest number of voxels demonstrating correlation between MTR reduction and atrophy in the deep GM, which is consistent with previous histopathological work on relapse-onset MS. 5 This suggests that, in the deep GM of this subgroup, demyelination and neuro-axonal loss may be linked. For instance, inflammatory demyelination in the deep GM may lead to secondary neuro-axonal loss, or perhaps primary neurodegenerative neuro-axonal loss in the deep GM may lead to secondary loss of myelin. In SPMS patients, while there is increased demyelination and neuro-axonal loss overall, only a small amount of this co-exists in the same regions, especially in the deep GM. In PPMS patients, deep GM demyelination and neuro-axonal loss is seen, but to a lesser than in RRMS and SPMS patients, and correlation is minimal. This suggests that in progressive MS the two pathologies are, for the most part, not due to a common process.
Although significant inflammation is usually seen in cortical demyelinating lesions in early MS, this is usually not so in MS of a longer duration. [38] [39] [40] A recently published histopathological study suggested that the deep GM showed inflammation that is less than in the white matter but more than in the cortical GM. 41 As demyelination usually occurs within the context of inflammation, this may explain why, in our study, the deep GM compartment showed relatively greater amounts of demyelination compared to the cortex in all MS subgroups, proportional to the respective compartment sizes. Our results also suggest that inflammatory demyelination plays a relatively limited direct role in neuro-axonal loss, especially in the cortex of progressive MS. Atrophy may thus be either a primary neurodegenerative process, or may be secondary to the downstream effects of WM inflammatory pathology without associated local demyelination. 1 Our results need to be interpreted with respect to the methodology used. This was a cross-sectional study with a modest sample size, which may affect the generalisability of the findings. In PPMS patients the relatively small voxel counts overall may be a reflection of the relatively fewer subjects in this cohort. The use of FWE (p=0.05) produced results with small effect sizes, and this is likely a reflection of the conservative nature of the VBA analysis (which detects consistent group level changes rather than any voxel that is abnormal in any individual subject). For the MTR analysis we also used a threshold of 90% for GM extraction to limit partial volume effects. However, given that a substantial proportion of cortical GM demyelination occurs in the subpial layers, 3, 9 this may also have reduced the sensitivity to cortical demyelination. We also used a tissue segmentation pipeline optimised for MS, with lesion-filling prior to processing by SPM8, and custom built DARTEL templates, which have been shown to reduce artifactual changes in MS studies, 42 but may also further reduce effect size. Using an uncorrected statistical threshold (p=0.001), results of the comparisons with controls were broadly consistent with those from the more stringent FWE (p=0.05) analysis, but with greater effect sizes, confirming that the choice of threshold does not substantially alter our main conclusions.
Conclusion
The results of this study suggest, that in RRMS patients, demyelination and neuro-axonal loss often occur in the same regions in the deep GM, implying that these two processes may be linked in this GM compartment. In progressive MS patients, co-existing demyelination and neuro-axonal loss was less commonly seen, which argues against these processes being linked. Overall, this study argues against a single underlying mechanism as a cause of GM pathology in MS clinical subgroups.
